Summary: We measured, using single photon emission computed tomography, the regional CBF (rCBF) changes in the motor areas of 24 right-handed normal volunteers during the performance of a motor task consisting of se quential finger-to-thumb opposition. Twelve of them per formed the task with their right and their left hands con secutively with a fast frequency and large amplitude. The other 12 subjects performed the task with their right hand only at a slow frequency and small amplitude. The con tralateral primary sensorimotor area (SlIMl), supplemen tary motor area (SMA), and ipsilateral cerebellum were significantly activated during right and left finger move ments performed at fast frequency and large amplitude.
It is possible in humans to map the active brain areas involved in voluntary movements by measur ing regional CBF (rCBF) changes using the nonto mographic \33Xe technique (Olesen, 1971; Roland et al., 1980) , single photon emission computed tomog raphy (SPECT) (Lauritzen et al., 1981) , or more recently positron emission tomography (Fox et al., 1985; Colebatch et al., 1990; Deiber et al., 1991) . Several studies have underlined the physiological role of the contralateral primary sensorimotor area (SlIM1) in the execution of movement and support No significant difference was found between the rCBF changes induced by the right dominant and left nondomi nant hands. When the task was performed with a slow rate and small amplitude, the SMA was significantly ac tivated while no significant changes were observed in the contralateral S 11M I or in the ipsilateral cerebellum. These results demonstrate (a) that hand dominance evokes no differences in the activation of the main motor areas and (b) that the frequency and amplitude of the movement have a major effect on the quantitative and qualitative aspect of activation of motor areas in humans. Key Words: Activation studies-Motor system-Positron emission tomography.
the role of the supplementary motor areas (SMAs) in the organization or planning of movement (Roth well, 1987) . Some of these studies have addressed different physiological issues: somatotopia of corti cal areas (Colebatch et al., 1991; Grafton et al., 1991) , selection of movement (Deiber et al., 1991) , and motor learning (Roland et al., 1988; Seitz et al., 1990) . This approach has also been successfully used to study pathological conditions such as motor recovery after stroke in humans (Chollet et al., 1991; WeiHer et al., 1992) and akinesia in Parkin son's disease (Rascol et al., 1992) .
Nevertheless, several aspects of motor activation and related rCBF changes remain unclear. For ex ample, few studies have compared rCBF changes in motor cortices during right and left hand activation while hemispheric dominance could influence mo tor organization (Halsey et al., 1979) . Moreover, although most of the early studies were conducted while the subjects were performing comparable mo tor tasks (M tasks), the rate of stimulation was often different between the studies (Roland et al., 1980; Fox et aI., 1985) or within the same study (Roland et aI., 1980; Rascol et aI., 1992) or was not even men tioned (Halsey et aI., 1979) . It is known, however, that the stimulus rate is a significant determinant of rCBF response, at least in perceptive cortices (Fox et aI., 1985; Wise et aI., 1991) , and it is probable that this parameter can modify the results of motor ac tivation studies. Patients with motor disturbances frequently fail to execute the M task in the same quantitative way as normals. Their motor deficit can affect either the dominant or the nondominant hand. In these conditions, it is difficult to compare them with controls and to determine whether the observed rCBF changes are related to the disease, to the misperformance of the task, or to differences in hemispheric dominance.
For this reason normative data were, in our opin ion, needed, and the aims of this study were (a) to compare rCBF changes in SlIM1, SMA, and cere bellum during right and left hand movements in right-handed normal subjects and (b) to evaluate the effect of the rate and amplitude of movements on the magnitude and distribution of rCBF changes.
SUBJECTS AND METHODS

Subjects
Twenty-four normal right-handed male volunteers (mean age 44 ± 10 years) entered this study. None of them had any history of neurological disease and they had received no treatment. The right-handedness was as sessed according to the Edinburgh score (Oldfield, 1971) . Informed consent was obtained from each subject. The project was approved by the local ethics committee.
The subjects were divided into two groups. Twelve of them performed the M task at a fast rate and large am plitude using the right and the left hand successively ("fast/large" group). The 12 other subjects performed the M task at a slow rate and small amplitude with the right hand only ("slow/small" group).
Three rCBF measurements were obtained in each sub ject of the fast/large group: one during the movements of the right hand, one during the movements of the left hand, and one in the resting condition. Subjects performed the M task with a rate of oppositions of 60/min and with the largest possible amplitude. The procedure began with the activation of the right hand followed by the activation of the left hand in 6 of the 12 subjects. This sequence was reversed in the other six subjects to avoid order effect. CBF measurement was performed in the resting condition as the last run in the 12 SUbjects.
Two rCBF measurements were obtained in each sub ject of the slow/small group: one during the movements of the right hand and one in the resting condition. Subjects performed the M task with a rate of opposition of 30/min and a small amplitude (half of the large one). The active run preceded the rest condition.
All the subjects were pre trained for executing the M task. The M task consisted of sequential finger-to-thumb J Cereb Blood Flow Me/ab, Vol. 13, No.4, 1993 opposition movements in turn. The movements were not forceful, but brisk and precise with the tip of the thumb touching the tip of each finger in turn for 4 min (Chollet et aI., 1991; Rascol et al., 1992) . All subjects were taught to maintain the rate of opposition with a metronome before the procedure but not during the data acquisition (internal cue). A videotape of the movements of the fingers was recorded during each M task to quantify the perfor mances of the subjects retrospectively. Videotape ses sions were analyzed in a blinded way by a physician not involved in the study. Two parameters were used to as sess the M task in a quantitative way: the number of finger-to-thumb oppositions and the amplitude of the fin ger movements, which was assessed on a scale of {}-3 (0, no amplitude; 3, maximal amplitude) (Rascol et aI., 1992) . During the resting condition, no movements were per formed. All CBF measurements were performed in a dim quiet room.
CBF measurement
CBF was measured using SPECT (Tomomatic 64; Medimatic, Copenhagen, Denmark) following intrave nous injection of 133Xe (2,220 MBq) (Celsis et aI., 1981) . Data were collected from three transverse slices simulta neously, each 2 cm thick, parallel, and centered at 0, 4, and 8 cm above the canthomeatal plane (CM). The in plane resolution was 1.7 cm.
During the 4-min data collection, the subjects were ly ing in a quiet environment, eyes closed. Their arm was leaning against a fixed support, and only their fingers were moving during the M task. Data acquisition started 10 s after the beginning of the M task. The subject's head was carefully positioned in the appropriate orientation according to graduated external markers. Marks were also drawn on the skin of the subject's face, and a pho tograph of the head and of these different marks was used to readjust the head position from one scan to the other to reduce intraindividual variations. The P ac02 was contin uously recorded using a cutaneous electrode and a P aco2 monitor (Kontron 634; Kontron, Basel, Switzerland). A small blood sample was withdrawn for hematocrit deter mination. Blood pressure and heart rate were measured before and after each data acquisition. CBF was calcu lated using a method described previously (Celsis et aI., 1981) . The rCBF data were transferred and stored in a microcomputer (Microvax 2; Digital Equipment Corp., Maynard, MA, U.S.A.). Reconstructed images of CBF were then processed in a microcomputer (MacIntosh II; Apple, Cupertino, CA, U.S.A.).
The CBF measurements were obtained the same day for each subject. The interval between CBF measure ments was 60 min.
Data analysis
We analyzed the CBF slices using regions of interest (ROIs) containing several contiguous pixels. We must ac cept that rCBF in such ROIs may represent only a partial value of the specified anatomical regions. We determined (according to visual analysis of the images of the tomo graphic slices, known functional anatomy of the motor system, and data of an anatomical stereotaxic atlas) (Tailarach and Tournoux, 1988 ) the features of five ROIs (shape, number of pixels, topography). Once these fea tures had been determined, they were recorded in a Mac Intosh II microcomputer for image processing. The dif ferent ROIs were then superimposed on each of the cor-responding rCBF slices. This method of image analysis allowed us to compare ROIs with the same topography, shape, and number of pixels in every subject. The ROI features can be described as follows (Fig. 1 ). In slice 3 (CM + 8), three ROIs were drawn. The outer contour of the brain was delimited by thresholding. A medial rect angular ROI corresponding to the SMAs, centered on a vertical interhemispheric axis and located 2 cm behind the anterior edge of the slice, was delineated. This Ro!, composed of 12 pixels, included both SMAs. Two other symmetrical and lateral ROIs were then delineated be hind and outside this first ROI. The position and the size of these two ROIs (16 pixels) corresponded, respectively, to the right and the left SlIMl cortical areas. Both pri mary sensory and motor cortical areas were considered together in these two ROIs (Rascol et aI., 1992) . In slice 1 (CM + 0), we drew two symmetrical and lateral ROIs. Each ROI, composed of 15 pixels, was delineated on each cerebellar hemisphere. These ROIs were parallel and sep arated by 2 cm from the vertical interhemispheric axis (Fig. 1) .
Slice 2 (CM + 4 cm) was used to normalize CBF data in each subject to eliminate nonspecific signal. Global CBF (gCBF) was measured on slice 2 in the resting con dition by averaging the pixel values recorded on this slice. All images were scaled to the mean activity of slice 2 (after thresholding in the rest condition). rCBF responses to stimulation were expressed as rCBF percent changes (rCBF%.l) from the resting scan.
Statistical analysis
Statistical analyses were performed separately for the two groups of subjects (fast/large and slow/small).
For the execution of the M task by the right and left hands in the fastllarge group, multivariate analysis of variance (MANOV A) with two repeated measures, tasks (rest versus right versus left M task) and ROls (contra versus ipsi SlIMI, SMA, contra versus ipsi cerebellum), was performed. Post hoc univariate analysis (Duncan test) was carried out following a significant multivariate F test, and the criterion for significance was set at p = 0.05 for the MANOV A results.
For the execution of the M task in the slow/small In slice 3, a medial anterior ROI (12 pixels) corresponds to the two supplementary motor areas (SMAs), and two lateral symmetrical ROls (16 pixels) correspond to the pri mary sensorimotor areas (S1/M1 ).
L R Blood pressure and P aco2 did not significantly vary from one scan to the other. The rate and am plitude of the M task were similar for the right and the left hands (60 ± 20/min and 3 vs. 58 ± 22/min and 3, respectively).
Mean rCBF values in the different ROIs of the fast/large group are expressed in Table 1 . There was no significant difference between the corresponding symmetrical right and left ROIs in the resting con dition.
No significant difference was observed in gCBF%1l when the M task was executed with the right and the left hands [ + 11 ± 12 vs. + 13 ± 10%; Fo.l!) = 0.754, P = 0.4]. The correction factors were therefore comparable for both hands.
During the execution of the M task with the right and the left hands, MANOV A showed a significant effect of the "task" [F(2.22) = 14.567, P < 0.0001] between the ROls IF(4.44) = 6.789, P < 0.0002] and a significant interaction "task" by "ROI" [F( 8,88 ) = 6.743, p < 0.00001]. The Duncan test showed a sig nificant rCBF increase in the contralateral SliM 1, SMA, and ipsilateral cerebellum when comparing the right and left M tasks with the resting condition (Table 1) . No significant difference was observed when comparing the rCBFIl% values induced by the right and the left M task in the corresponding symmetrical ROIs (Fig. 2) . The mean rate and mean amplitude of the M task were significantly smaller in the slow/small than in the fast/large group (33 ± 8 vs. 60 ± 20/min, p < 0.0003; 1.7 ± 0.4 vs. 3, respectively). Table 2 shows the mean rCBF values of the slow/ small group in the different ROIs during the resting state. During the execution of the M task, rCBF changes induced by the task were statistically sig nificant in the SMA only (p = 0.0109). No differ ence was observed in any of the other ROIs (Ta ble 2). rCBF changes induced by right M task in fast/large and slow/small groups The mean age of the two groups was not different (40 ± 9 vs. 48 ± 11 years). At rest, there was no significant difference between the two groups either in gCBF (61 ± 7 vs. 59 ± 8 ml 100 g-I min-I ) or in rCBF in the different ROIs. Blood pressure (140 ± (Fig. 3) .
Dissociation between SMA and Ml in response to fast versus slow movements This analysis showed a significant effect of both the rate of stimulation and the site of rCBF% changes (SMA and Ml) [F(l,44) = 193.95, P < 0.05].
DISCUSSION
The first aim of this study was to compare the rCBF changes elicited in different cortical and cer ebellar motor areas by the same M task performed with the dominant and the nondominant hands. Lat eralization of functions is a general characteristic of the human brain. Many arguments can be found in the literature suggesting the influence of handed ness on the organization of the motor system, es pecially for complex tasks including movements in spatial patterns or, more commonly, for writing (Kolb and Whishaw, 1990) . The present results demonstrate that our M task induced mirror sym metrical rCBF changes when it was performed with the dominant or nondominant hand in the same right-handed subjects. Both hands significantly and similarly activated the contralateral primary SlIMI -FAST /LARGE--SLOW/SMALL - cortex, the SMAs, and the ipsilateral cerebellar hemisphere. These data differ from a previous CBF study using 133Xe inhalation and stationary detec tors, which concluded that left hand movements evoke a prominent focal flow increase in the right rolandic region while right hand movements do not (Halsey et aI. , 1979) . These authors suggested that "more effort is required of right-handed subjects to move the left hand than the right, or that motor organization differs for left and right hand move ments. " In their study, however, the rate of se quential finger-to-thumb opposition movements was not mentioned and no correction was made for global flow changes. Therefore, the caveat remains that the reported differences between right and left hemisphere activation were related to factors other than hemispheric dominance. Ginsberg et al. (1988) , using a complex somatosensory discriminative task, observed differences in CMR glu induced by the movements of the right and the left hands. It remains difficult to use 18F-fluorodeoxyglucose for activation studies. Moreover, in their study, it is likely that the spatial and cognitive features of the task accounted for the right/left differences. More recently, data with simple M tasks comparable with our M task were produced using positron emission tomography. Fox et al. (1985) have shown that bi lateral sequential finger-to-thumb opposition pro duces symmetrical significant rCBF responses in both SlIMI areas. This is in agreement with our findings. In this study, however, no information was available for the ipsilateral SliM 1 as both hands were activated simultaneously and the cere bellum was not studied. Electrophysiological stud ies have also provided some insight into this ques tion. Tarkka and Hallet (1990) , using the EEG map ping technique in normal subjects, showed differences in cortical activity during dominant and nondominant finger movements. In their study, the cortical readiness potentials preceding the move ment (Bereschaftpotential) appeared significantly earlier for the nondominant than for the dominant hand. This may indicate that the movement's prep aration is longer or occurs earlier for the nondomi nant side. Such temporal information is not avail able with radioisotopic methods because of their poor time resolution. In our study, the absence of difference between rCBF activation during movement of the dominant and the nondominant hands could reflect a high er ror variance either from intersubject differences or from using similar ROIs on differently shaped brains or a lack of sensitivity of our SPECT tech nique to detect a tiny asymmetry. Nevertheless, it seems to us reasonable to infer that the differences were very small relative to the activations that were observed.
The nature of the M task used in the present study can also explain the absence of significant asymmetry of rCBF response that we observed when comparing dominant and nondominant hands. In fact, we used an internally generated M task without visual or auditory cue. It consisted of a sequential movement of the fingers in intrapersonal space involving poor spatial processing (Roland et al. , 1980 ) and few cognitive symbolic components. Moreover, this task was quickly routinized as the subjects were trained shortly before the procedure. The motor routinization of a movement allowed the subjects to perform it almost automatically and fa vored quick processing. It is likely that this task involved quite simple pathways of the motor sys tem. It is conceivable that more complex or "cog nitive" M tasks can induce different rCBF activa tions according to the hand that executes them.
From a practical point of view, the symmetry of rCBF responses that we observed in the SlIM1, SMA, and cerebellum allows us to compare motor activation with this methodology without consider ing the side of the studied hand or the subjects' dominance.
We found no significant ipsilateral SlIMI activa tion during either the right or the left hand move ments. However, considering our data, a small ip silateral rCBF increase ( + 5%) was detected in both situations (see Table 1 ). It is clear that this small rCBF increase may simply reflect nonspecific changes. However, using single neuron activity re cording technique in the monkey, some authors have described an ipsilateral neuronal activity in the precentral motor areas related to ipsilateral digit movements (Tanji et aI. , 1988) . Moreover, a similar small nonsignificant signal has also been detected in the same area in motor activation studies with pos itron emission tomography in normal subjects (J. G. Colebatch, personal communication) . In patients who have recovered from stroke (Chollet et aI. , 1991) or who are suffering from motor neuron dis ease (D. J. Brooks, personal communication), there is a significant motor activation in the ipsilateral motor cortex. It is thus possible that this small ip silateral CBF activation in the SlIMI in normal sub jects corresponds to some real physiological signal. Further CBF activation studies including a large number of subjects are needed to investigate this putative role of the ipsilateral SlIMl.
The second aim of this study was to evaluate the influence of two quantitatively different executions of the same movement on the magnitude of the rCBF changes. rCBF increased significantly in the contralateral SlIMI when the subjects were performing the fast/ large M task. This increase was significantly smaller in the same area when the subjects performed the task with a lower rate and a smaller amplitude (slow/small group). This result demonstrates that a difference in the quantitative execution of a move ment induces a quantitative different activation of the contralateral primary sensorimotor cortex. Sev eral CBF studies have shown that the stimulus rate is a significant determinant of the rCBF response at least in several primary perceptive cortices. For ex ample, Fox et aI. (1985) showed in the striate cortex that the rCBF% increase induced by a visual stim ulus is a linear function of the stimulus repetition rate within a certain range of frequencies. A similar relationship has also been reported by Wise et aI. (1991) during the stimulation of the primary audi tory cortex. In the primary motor cortex, previous electrophysiological studies have established the existence of a relationship between neuronal activ ity of the SlIMI and different parameters of move ment such as the force generated (Evarts, 1968; Cheney and Fetz, 1980) and limb position (Evarts et aI., 1983) . In addition to these effects on single neu ron discharge, Georgopoulus et al. (1982) have found that the activity of a population of motor cor tical neurons shows a close correlation with the tra jectory of movement. To our knowledge, only one rCBF study has reported that rCBF%:l varies ac cording to the rate of the motor stimulation (Seitz et aI., 1990) . Our data confirm that SliM 1 activity de pends on the rate and amplitude of the stimulation. This result suggests that the primary motor cortex behaves like primary perceptive cortices and sup ports the importance of this area in the execution of movements.
From a practical point of view, this result dem onstrates that the rate and amplitude of the move ment must be carefully checked in motor activation studies. Movements executed with a too low fre quency or a too small amplitude may induce rCBF signals that are too small to be detected in the S 11 Ml with our SPECT technique.
The SMA, in contrast to the SlIMI and the cer ebellum, was the only area to be significantly acti vated regardless of the rate and amplitude of the movement. Moreover, the difference in rCBF.l% in this area failed to reach statistical significance when the M task was executed in a fast/large or a slow/ small way. There was actually a small difference between the two conditions, but this difference was more than twice as small in the SMA as in the S 11 Ml ( -4 vs. -10%, respectively). We cannot totally exclude some sort of relationship between the quan-titative parameters of the movement's execution and the SMA activity. Even if the same comments can be made about the low sensitivity of our SPECT technique and about high error variance from inter subject differences, our results, however, suggest that the activity of the SMA is markedly less de pendent on the motor performance of the task than that of the S I/M 1. This observation supports the hypothesis that the SMA and the SliM 1 have dif ferent roles in motor processing.
The function of the SMA remains a matter of con troversy (Wiesendanger et aI., 1987) . A motor func tion has been suggested on the basis of electrical stimulation experiments in humans (Penfield and Welch, 1951) and in the monkey (McPherson et aI., 1982) . A role of the SMA in motor control is also supported by anatomical studies that highlight the importance of efferent pathways from the SMA to both pyramidal and extrapyramidal motor systems (Wiesendanger et aI., 1987 ). Yet, despite these ex tensive motor outputs, ablations of the SMA have usually produced limited and transient motor defi cits (Penfield and Welch, 1951; Laplane et aI., 1977) . Electrophysiological approaches suggest that the SMA may have a prominent role in the prepa ration or programming of movements. In the SMA, many neurons display sustained activity related to the preparation of a single movement response, and the activity of a majority of these neurons is not simply related to the execution of the contralateral movements (Tanji et aI., 1980 ). This role is also supported by readiness-potential studies, which are considered to reflect SMA activity (Deecke, 1987) . Few CBF studies in normal subjects performing a variety of movements have addressed this question. In a pioneering work, Roland et aI. (1980) detected significant SMA activation in subjects who were asked to imagine that they were performing a M task without actually executing it. Fox et aI. (1985) showed that the SMA was active during the perfor mance of different M tasks (i.e., saccadic or hand movements), but they were unable to detect any difference between the various task conditions. In this study, however, there was no decisional para digm in any task. More recently, Deiber et aI. (1991) showed that M tasks with decisional paradigms (in ternally or externally cued) induced a greater acti vation of the SMA than nondecisional tasks.
Taken together, these observations support a role for the SMA in the preparation and initiation of movements. The different behaviors of the SlIMI and SMA that we observed in our study are also in agreement with this hypothesis. The execution of the fast/large and the slow/small M task was indis putably different quantitatively, but the motor prep-aration or programming required by the two tasks was qualitatively comparable. Our data demon strate that the SlIMI behaves like other primary perceptive cortices whose activity is linked to the rate of the stimuli (Fox and Raichle, 1984; Fox et al., 1985; Wise et al., 1991) . Associative cortices, however, like the SMA or Wernicke area (Wise et al., 1991) , seem to be less closely related to the quantitative executive aspects of the stimulus.
In conclusion, our results showed a stronger ef fect of the frequency and amplitude of the motor execution on the rCBF changes in the contralateral SIIMI than in the SMA. Hand dominance had no influence on the activation of cortical or cerebellar motor areas induced by a M task devoid of "cogni tive" features.
